1. Introduction {#sec1}
===============

The adsorption of CO on single-crystal metal surfaces is a traditional topic in model catalysis, and numerous studies were reported in the past decades. Most of the data were acquired under ultrahigh vacuum (UHV) and low (cryogenic) temperature, as the typical surface-sensitive methods require UHV, for example, low-energy electron diffraction (LEED), Auger electron spectroscopy (AES), X-ray/UV photoelectron spectroscopy (XPS/UPS), electron energy-loss spectroscopy (EELS), temperature-programmed desorption (TPD), infrared reflection absorption spectroscopy (IRAS), and others. Obviously, catalytic processes operate at higher temperatures and at pressures at and above 1 atm, leading to the so-called "pressure-gap" problem.^[@ref1],[@ref2]^ In contrast to the aforementioned techniques, sum frequency generation (SFG) vibrational spectroscopy,^[@ref3]−[@ref5]^ a photon-in and photon-out technique, is inherently surface-sensitive even at atmospheric gas pressure. When combined with a suitable UHV-to-high pressure cell,^[@ref6]−[@ref12]^ SFG is a powerful in situ tool to obtain valuable information about adsorption sites, molecular orientation, polarizability, and changes thereof.^[@ref12]−[@ref15]^

The adsorption properties of CO on Ir(111) have been previously investigated by LEED, TPD, Fourier transform infrared reflection-absorption spectroscopy (FT-IRAS), and SFG,^[@ref8]−[@ref10],[@ref16]−[@ref20]^ providing detailed information about the (coverage-dependent) CO structure and adsorption sites. CO adsorbs molecularly at room temperature, with LEED indicating an ordered overlayer structure (coverage of 1/3 ML). Further exposure to CO weakened the spots, and a diffuse pattern formed (coverage of 7/12 ML^[@ref19]^ and 2/3 ML^[@ref17],[@ref18]^). TPD indicated two CO desorption states at high coverage,^[@ref16],[@ref19]^ whereas FT-IRAS only detected one dominant peak, characteristic of CO at terminal (on-top) sites.^[@ref16]^ Similarly, in the surface-specific SFG spectra of CO/Ir(111), only linearly adsorbed CO was observed.^[@ref8],[@ref10]^ Density functional theory (DFT) was utilized to examine adsorption on Ir(111),^[@ref21],[@ref22]^ also indicating a preference for on-top sites independent of coverage \[very different from Pd(111)^[@ref23],[@ref24]^\] and a tilt at high coverage (but without further specification).

However, most methods do not provide information on the molecular orientation (tilt angle) of CO on Ir(111). Typically, it is assumed that CO adsorbs perpendicular on Ir(111), that is, that the tilt angle is zero. However, acquiring SFG spectra in PPP and SSP polarization combinations and analyzing the *I*~PPP~/*I*~SSP~ spectral intensity ratio enable evaluation of the molecular orientation angle, as previously demonstrated for various molecules at solid--gas and solid--liquid interfaces.^[@ref12],[@ref25]−[@ref29]^ For CO/Ir(111), PPP spectra were reported,^[@ref8]−[@ref10]^ but so far, SSP spectra were missing, which is why information on molecular orientation is lacking. Herein, we have acquired PPP and SSP spectra at different CO coverage by varying the substrate temperature and gas pressure, in an effort to examine whether surface coverage affects the orientation of CO molecules adsorbed on the surface of Ir(111). The SFG measurements were complemented by DFT calculations, which also provided a reference required for determining the molecular hyperpolarizability ratio (*R*) of CO. The observed coverage-dependent tilt angle may have implications on the use of iridium surfaces in thermal-, electro- and photocatalysis, employing Ir, Ir-alloys (e.g. PtIr, IrRu, and PtNiIr), and IrO~2~ as nanoparticles and thin films.^[@ref30]−[@ref35]^

2. Experimental Section {#sec2}
=======================

2.1. UHV-Compatible SFG High-Pressure Cell and Ir(111) Preparation {#sec2.1}
------------------------------------------------------------------

The experimental setup has been described in detail previously.^[@ref11]^ Briefly, SFG measurements were performed using a 20 ps mode-locked Nd:YAG laser system (EKSPLA, PL2241) with a fundamental radiation of 1064 nm (30 mJ/pulse, 50 Hz repetition rate). A part of the fundamental radiation is frequency-doubled to 532 nm, one part of which is used as the visible input for the SFG process, and another one pumps an optical parametric system. The remaining fundamental 1064 nm laser and the idler generated from an optical parametric amplifier are spatially and temporally overlapped and passed through a difference frequency generation (DFG) system (AgGaS~2~ crystal), in order to generate tunable mid-IR laser pulses for the SFG process. The 532 nm visible and the tunable IR beams in copropagation geometry were adjusted to overlap spatially and temporally on the Ir(111) surface at incidence angles of 58.5 and 55° (relative to the surface normal), respectively. The energy was 30 ± 5 μJ for visible pulses and 90--130 μJ for infrared pulses, with frequencies between 1850 and 2150 cm^--1^. The SFG signal was collected in the reflection direction, filtered with a 532 nm-notch filter and monochromator, and detected with a photomultiplier tube (PMT). All SFG spectra were normalized by the visible and IR intensities. The IR polarization was kept as P, and those of visible and SFG signals were switched between P and S using Glan-Taylor prisms and half-wave plates.

The preparation/cleaning of the Ir(111) single crystal surface was carried out in an ultrahigh vacuum (UHV) chamber (base pressure: 6 × 10^--10^ mbar), which is equipped with LEED, AES, and mass spectrometry (MS). The Ir(111) single crystal (disk-shaped, diameter 8 mm; thickness 2 mm) was mounted on a movable sample holder using a tantalum wire loop. The temperature was measured by a nickel/chromel thermocouple. The sample could be resistively heated to 1273 K and cooled with liquid nitrogen to 95 K.^[@ref11]^ Ir(111) was prepared by repeated cycles of sputtering with Ar^+^ ions (beam energy 1.2 keV at 5 × 10^--6^ mbar Ar, 30 min), oxidizing (1 × 10^--7^ mbar O~2~, 4 min) at 850 K, and UHV annealing at 1050 K for 1 min. This procedure leads to clean surfaces, as confirmed by X-ray photoelectron spectroscopy (XPS) and described in detail in ref ([@ref36]). LEED with four-grid electron optics was employed to verify the long-range order of the surface.

Using a sample transfer rod, the single crystal can be moved in UHV to an attached SFG cell, which allows performing experiments from UHV to 1 bar and at 95--773 K (for details see ref ([@ref11])). In order to guarantee a clean Ir(111) surface during transfer to the SFG cell, 1 × 10^--7^ mbar CO was typically introduced to the UHV chamber (10 min), to saturate/passivate the Ir surface at room temperature. Afterward, the sample was transferred to the SFG cell in UHV. For all experiments, CO (purity 99.997%) was cleaned by a carbonyl absorber cartridge and introduced into the SFG cell via a leak valve.

2.2. Theory of Polarization-Dependent SFG {#sec2.2}
-----------------------------------------

In a SFG process, two light waves at different frequencies (ω~1~ and ω~2~) interact at a surface of a medium and generate a wave at the sum of their frequencies (ω = ω~1~ + ω~2~). SFG is a second-order nonlinear optical process, which is forbidden in a medium with inversion symmetry, but the symmetry will naturally be broken at an interface, which is the origin of its surface specificity. In order to acquire an SFG vibrational spectrum of molecules on a surface, two laser pulses are spatially and temporally overlapped on the sample. One input beam is in the visible range at a fixed frequency (ω~Vis~), and the second beam is tunable in the mid-IR region (ω~IR~) to excite vibrational transitions. SFG can therefore selectively detect molecules through characteristic molecular vibrational transitions. The output is generally restricted to near infrared or visible, where it can be detected by a photomultiplier. In addition, SFG is sufficiently sensitive to detect less than a monolayer of molecules adsorbed on a surface.^[@ref3]^

The measured SFG signal intensity (*I*~SFG~) is proportional to the two incident laser intensities (*I*~Vis~ and *I*~IR~) and the absolute square of second-order nonlinear susceptibility (χ~eff~^(2)^),^[@ref3],[@ref5],[@ref37]^ as shown in [eq [1](#eq1){ref-type="disp-formula"}](#eq1){ref-type="disp-formula"}.where ω~SFG~, ω~Vis~, and ω~IR~ are the frequencies of the SFG signal, visible, and IR laser beams, respectively. *n*~1~(ω~*i*~) is the refractive index of bulk medium 1. In our study, medium 1 refers to the vacuum and CO gas; *n*~1~(ω~*i*~) was thus 1. α~SFG~ is the reflection angle of the SFG signal with respect to the sample surface normal. It can be calculated by the known incidence angles of visible and IR laser beams (i.e. α~Vis~ and α~IR~) using the formula: ω~SFG~ sinα~SFG~ = ω~Vis~ sinα~Vis~ + ω~IR~ sinα~IR~

The effective surface susceptibility (χ~eff~^(2)^) is composed of a nonresonant χ~NR~^(2)^ and resonant χ~R~^(2)^ partχ~0~ is the magnitude of the nonresonant susceptibility χ~NR~^(2)^, generated by the substrate, and ϕ is its phase relative to the resonant term. χ~q~, ω~q~, and Γ~q~ represent the resonance amplitude, frequency, and damping constant of the qth vibrational mode, respectively. When ω~IR~ is closer or equal to ω~q~, χ~eff~^(2)^ (i.e. *I*~SFG~) is enhanced and a vibrational peak appears in the SFG spectrum. χ~eff~^(2)^ depends on the experimental polarization and geometry with an infinite number of combinations. In this paper, we mainly studied χ~eff~^(2)^ with linear combinations of incident experimental polarizations, namely, PPP (P-polarized sum frequency, P-polarized visible, and P-polarized infrared) and SSP as shown below

***L***~*ii*~(ω~*i*~) denotes the Fresnel factor at frequency ω~*i*~ for the local field corrections, which can be calculated with the knowledge of incidence angles (α~*i*~), refraction angles, and refractive indices.^[@ref3],[@ref5],[@ref15],[@ref37],[@ref38]^ χ~*ijk*~^(2)^ is the macroscopic second-order susceptibility in laboratory coordinates, which is related to the microscopic hyperpolarizability tensor elements β~*ijk*~^(2)^ in the molecular coordinate system. For CO with C~∞V~, there are only two independent nonvanishing components: β~*ccc*~^(2)^ and β~*aac*~^(2)^ = β~*bbc*~^(2)^. If θ is the angle between the molecular axis and the surface normal, and the molecules have a random azimuthal distribution, andwhere *N*~s~ is the effective surface number density of the molecules, and the angular brackets refer to an orientational average. *R* is the hyperpolarizability ratio (*R* = β~*aac*~^(2)^/β~*ccc*~^(2)^ = β~*bbc*~^(2)^/β~*ccc*~^(2)^), and for CO, it equals to the bond polarizability derivative ratio. From [eqs [1](#eq1){ref-type="disp-formula"}](#eq1){ref-type="disp-formula"}--[4](#eq4){ref-type="disp-formula"}, as and , assuming a δ-function for the orientation distribution, measuring PPP and SSP spectra allows us to deduce θ via the measured ratio of *I*~PPP~/*I*~SSP~ and a known *R* value.

2.3. DFT of CO/Ir(111) {#sec2.3}
----------------------

The chemisorption of CO on Ir(111) at various coverages was studied by DFT using the augmented plane wave and local orbitals (APW+lo) method as implemented in our WIEN2k code.^[@ref39],[@ref40]^ Our self-consistent periodic supercell calculations showed a preference for top sites in good agreement with previous calculations^[@ref21],[@ref22]^ and experiments. The calculations of the present work used the generalized gradient approximation by Perdew, Burke, and Ernzerhof (PBE)^[@ref41],[@ref42]^ and were performed with a plane wave cutoff parameter *R*~MT~*K*~max~ = 5, where *R*~MT~ refers to the smallest atomic sphere radius (2.2/1.05/0.95 bohr were used for Ir, O, and C atomic spheres, respectively). A 3 × 3 × 1 *k*-mesh was used, and the self-consistent field calculations and the atomic positions were fully relaxed until the forces were smaller than 1 mRy/bohr. We modeled the CO adsorption by 3 × 3 and 4 × 4 supercells with five layers of Ir, where the CO coverage varied from low to high similar as in ref ([@ref21]).

3. Results and Discussion {#sec3}
=========================

3.1. SFG Spectra of CO Adsorption on Ir(111) at Different Coverages {#sec3.1}
-------------------------------------------------------------------

Before SFG measurements, the well-ordered structure of the Ir(111) surface was confirmed by LEED. Sharp spots of a hexagonal diffraction pattern on a low background were obtained ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}).

![LEED pattern (69 eV) of as-prepared Ir(111) at 300 K.](jp0c04986_0002){#fig1}

In the following, coverage-dependent SFG spectra of CO/Ir(111) were obtained by adjusting the substrate temperature and/or the CO gas pressure. Spectra of CO on Ir(111) in the C--O stretching region (2000--2150 cm^--1^) were measured using two polarization combinations (PPP and SSP), which enabled to quantitatively analyze coverage-induced orientation changes via the spectral intensity ratio *I*~PPP~/*I*~SSP~ ([eqs [1](#eq1){ref-type="disp-formula"}](#eq1){ref-type="disp-formula"}--[4](#eq4){ref-type="disp-formula"}).

### 3.1.1. CO Coverage Dependence: Heating from 300 to 550 K in UHV {#sec3.1.1}

A CO pressure of 1.0 × 10^--7^ mbar was exposed to Ir(111) at room temperature for 1 h, which produces a CO saturation of ∼0.58 ML.^[@ref19]^ Upon pumping out and measuring an SFG PPP spectrum in UHV, only on-top CO at 2081 cm^--1^ was observed ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}a), in line with the reported IR spectra. Neither bridge- nor hollow-bound CO was observed in the range of 1850--2000 cm^--1^ on the surface of Ir(111) ([Figure S1](http://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.0c04986/suppl_file/jp0c04986_si_001.pdf)); thus, this range will not be displayed or discussed in the following.

![Temperature-dependent (a) PPP and (b) SSP spectra of CO on Ir(111) under UHV, recorded from 300 to 550 K. Circles are experimental data. For on-top CO in PPP and SSP spectra, peak positions and spectral intensities as a function of temperature are summarized in (c,d), respectively. Solid lines are fitted results using the Lorentzian lineshape.](jp0c04986_0003){#fig2}

Polarization-dependent SFG spectra were then measured in UHV from 300 to 550 K ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}). A single sharp peak was observed both in PPP and SSP spectra, characteristic of linearly/terminally bound CO adsorbed on terrace sites, that is, on-top CO with the carbon atom bound to a single Ir atom.^[@ref8],[@ref10],[@ref16]^ PPP spectra had been reported before,^[@ref8]−[@ref10]^ whereas SSP spectra with a good signal-to-noise ratio are reported for the first time.

A previous combined IRAS/TPD study of CO/Ir(111) reported a relationship between the CO coverage and the IR peak position.^[@ref16]^ Based on this information, the measured SFG peak positions can be converted to coverages ([Figure S2](http://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.0c04986/suppl_file/jp0c04986_si_001.pdf)). Increasing the temperature from 300 to 500 K, the vibrational frequency of on-top CO shifted from 2081 to 2038 cm^--1^, indicating a decrease of CO coverage from 0.58 to 0.06 ML. All peak positions and *I*~PPP~/*I*~SSP~ intensity ratios are summarized in [Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"}. The effect of coverage on dipole coupling (frequency shifts) is well understood.^[@ref1],[@ref16],[@ref43]^

###### CO Adsorption on Ir(111): Peak Position, *I*~PPP~, *I*~SSP~, Ratio of *I*~PPP~/*I*~SSP~, and Tilt Angle (θ) as a Function of Coverage, for Various Pressure/Temperature Conditions

  *P* (mbar)      *T* (K)   ω~IR~ (cm^--1^)   coverage (ML)   *I*~PPP~ (a.u.)   *I*~SSP~ (a.u.)   *I*~PPP~/*I*~SSP~   θ (deg)   *R*
  --------------- --------- ----------------- --------------- ----------------- ----------------- ------------------- --------- ------
  UHV             550                                                                                                            
                  500       2038 ± 1          0.06 ± 0.1      0.00305                                                            
                  450       2040 ± 1          0.07 ± 0.1      0.00628                                                            
                  425       2050 ± 1          0.13 ± 0.1      0.01382           0.0000265         ∼520                0         0.08
                  400       2056 ± 1          0.17 ± 0.1      0.01196           0.0000278         ∼430                7          
                  350       2076 ± 1          0.46 ± 0.1      0.00601           0.0000485         ∼124                23         
                  300       2081 ± 1          0.58 ± 0.1      0.00390           0.0000462         ∼85                 26         
  1.3 × 10^--2^   575       2043 ± 1          0.08 ± 0.1      0.000101                                                           
                  500       2054 ± 1          0.15 ± 0.1      0.00121                                                            
                  425       2077 ± 1          0.48 ± 0.1      0.00302           0.0000295         ∼102                24        0.08
                  350       2086 ± 1          0.65 ± 0.1      0.00177           0.0000311         ∼57                 31         
                  300       2091 ± 1          0.72 ± 0.1      0.00138           0.0000394         ∼35                 40         
  1.0             500       2074 ± 1          0.44 ± 0.1      0.00198           0.0000132         ∼150                20        0.08
                  425       2082 ± 1          0.59 ± 0.1      0.00254           0.0000285         ∼89                 26         
                  350       2090 ± 1          0.70 ± 0.1      0.00193           0.0000288         ∼67                 29         
                  300       2094 ± 1          0.77 ± 0.1      0.00165           0.0000458         ∼36                 36         
  1.0 × 10^--7^   300       2084 ± 1          0.62 ± 0.1      0.00212           0.0000212         ∼103                25        0.08
  1.1 × 10^--6^             2085 ± 1          0.62 ± 0.1      0.00226           0.0000215         ∼105                24         
  1.0 × 10^--3^             2091 ± 1          0.72 ± 0.1      0.00158           0.0000282         ∼56                 31         
  0.13                      2093 ± 1          0.75 ± 0.1      0.00154           0.0000327         ∼47                 33         
  1.0                       2094 ± 1          0.77 ± 0.1      0.00129           0.0000358         ∼36                 36         

Reducing coverage weakens the dipole--dipole coupling between the adsorbed CO molecules and should increase the CO--substrate interaction via donation/back donation (chemical shift). Both effects increase the strength of the Ir--C bond and consequently weaken the C--O bond, shifting the CO resonance position to lower wavenumbers. The two effects were disentangled by Lauterbach et al.,^[@ref16]^ using IR spectroscopy of mixed isotopic ^12^C^16^O/^12^C^18^O layers. In the coverage range 0.05--0.5 ML, a constant chemical shift of 11 cm^--1^ and an increasing dipole shift from 4 to 36 cm^--1^ were observed. Using SFG, Symonds et al.^[@ref44]^ reported for ^12^C^16^O/^13^C^18^O on Ru{101̅0} that in the coverage range 0.15--1.22 ML, the chemical shift and dipole coupling were 34 and 37 cm^--1^, respectively. Furthermore, our observed vibrational stretch frequencies of CO agreed very well with the wavenumbers computed by Liu et al.^[@ref21]^ (they only differ by 30 cm^--1^, leading to a scaling factor of 1.015). In a previous combined SFG/DFT study of CO on Pd,^[@ref45]^ a scaling factor of 1.04 was applied.

While the coverage-dependent CO peak positions are in line with the previous observations, the peak intensities showed an unexpected behavior. Upon increasing the temperature (and decreasing the coverage), the PPP spectral intensity (I~PPP~) first increased and reached a maximum at 425 K, before it decreased at 450 and 500 K, finally reaching the noise level at 550 K. At 500 K, the SFG lineshape was asymmetric, indicating a stronger contribution by the nonresonant term ([eq [2](#eq2){ref-type="disp-formula"}](#eq2){ref-type="disp-formula"}).^[@ref46]^ The TPD spectra of CO/Ir(111) in refs ([@ref16]) and ([@ref19]) showed a broad desorption peak for high (0.56 ML) CO coverage, starting at 375 K and extending to 540--600 K, with the peak maximum at 490 K. Accordingly, the vanished PPP signal at 550 K is caused by desorption. The SSP spectra showed similar (expected) frequency shifts ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}c) and for SSP also the intensity continuously decreased (as expected for decreasing coverage). The SSP intensity at 300 K is almost 2 orders of magnitude smaller than that of PPP, so the SSP signal disappeared earlier (450 K) than the PPP signal (550 K) ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}d).

Apparently, the different coverage-dependence of PPP and SSP spectra upon heating demonstrates changes in the CO molecular orientation. Prior to the detailed analysis, further experiments under various pressure/temperature conditions were thus performed to corroborate the observed effect.

### 3.1.2. CO Coverage Dependence: Heating from 300 to 575 K in 10^--2^ mbar and from 300 to 500 K in 1.0 mbar CO {#sec3.1.2}

Similarly, PPP and SSP spectra of CO/Ir(111) were measured for decreasing coverage at different (but constant) CO pressures of 1.3 × 10^--2^ mbar and 1.0 mbar ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}). As coverage decreased with an increasing temperature, the vibrational frequencies of on-top CO also exhibited the expected red-shifts \[similar coverage-dependent frequency shifts were observed for CO/Pd(111)^[@ref23],[@ref24]^ and CO/Pt(111)\].^[@ref47]^

![Temperature-dependent (a,c) PPP and (b,d) SSP spectra of CO on Ir(111) at 1.3 × 10^--2^ and 1.0 mbar, respectively. Circles are experimental data. Solid lines are fitted results using the Lorentzian lineshape.](jp0c04986_0004){#fig3}

Clearly, because of the adsorption/desorption equilibrium, in a CO background pressure, the saturation coverage was larger (0.72 ML; see extrapolation in [Figure S2](http://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.0c04986/suppl_file/jp0c04986_si_001.pdf)). However, coverage changes were smaller than in UHV (0.58--0.06 ML). Upon heating from 300 to 500 K, the coverage decreased from 0.72 to 0.15 ML at 1.3 × 10^--2^ mbar CO and from 0.77 to 0.44 ML at 1.0 mbar CO. At 575 K, the CO coverage was 0.08 ML at 1.3 × 10^--2^ mbar, while it was zero at 550 K under UHV. At 1.0 mbar CO, the temperature was limited to 500 K to avoid any potential dissociation.

For the 1.3 × 10^--2^ mbar measurements ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}a,b), the PPP spectra reached maximum intensity at 425 K but strongly decreased at 500 and 575 K (similar to [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}), whereas the SSP spectra decreased upon a temperature increase and vanished at 500 K. Similar to [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}, upon decreasing coverage, *I*~PPP~ and *I*~SSP~ values behaved differently, suggesting a changing CO tilt angle. In the 1.0 mbar measurements ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}c,d), the PPP spectra also reached maximum intensity at 425 K, which decreased at 500 K (similar to [Figures [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"} and [3](#fig3){ref-type="fig"}a), while SSP spectra ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}d) decreased gradually upon temperature increase. Once more, as the spectral intensity changes of PPP and SSP were not "synchronized" (variable *I*~PPP~/*I*~SSP~ values), this indicates that the CO tilting angle changed with decreasing coverage. All CO peak positions and *I*~PPP~/*I*~SSP~ intensity ratios are listed in [Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"}.

### 3.1.3. CO Coverage Dependence: Pressure Increase from 10^--7^ to 1.0 mbar at 300 K {#sec3.1.3}

In the following, the effect of increasing CO coverage is examined by increasing the pressure from 10^--7^ to 1.0 mbar at 300 K, with [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"} displaying PPP and SSP spectra of CO/Ir(111). At 10^--7^ mbar, on-top CO at 2084 cm^--1^ is characteristic of a 0.62 ML coverage. With increasing pressure, the CO position blue-shifted, finally reaching 2094 cm^--1^ (0.77 ML). Again, the blue-shifts can be attributed to increasing dipole--dipole coupling and chemical shift.^[@ref16],[@ref44]^ Upon increasing coverage, the dipole--dipole coupling between the adsorbed CO molecules was enhanced, thereby the molecule--substrate bonds weakened.^[@ref16],[@ref48],[@ref49]^ Both effects cause a frequency blue-shift. Although the pressure increased by seven orders of magnitude, the coverage only increased from 0.62 to 0.77 ML. Apparently, at such high coverages, all spectra had quite good signal-to-noise ratios.

![Pressure-dependent (a) PPP and (b) SSP spectra of CO on Ir(111) at 300 K. Circles are experimental data. For on-top CO in PPP and SSP spectra, peak positions and spectral intensities as a function of CO pressure are summarized in (c,d), respectively. Solid lines are fitted results using the Lorentzian lineshape.](jp0c04986_0005){#fig4}

Again, both PPP and SSP spectra exhibited similar (expected) frequency shifts ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}c) but showed an unexpected diverting behavior in intensity. Here, the PPP intensity decreased with increasing CO coverage (gas pressure), while the SSP spectral intensity was higher at higher CO coverage (gas pressure) ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}d). Above 10^--3^ mbar, the intensity changed slowly because saturation was nearly reached. The opposite changes in PPP and SSP spectral intensity---upon increasing coverage---once more indicate a changing CO tilt angle.

For the sake of completeness, we want to note that the used SFG high pressure cell is sufficiently small, so that IR gas-phase absorption cannot influence the SFG intensities. The effect of IR gas-phase absorption on SFG intensity was discussed in refs,^[@ref1],[@ref24],[@ref47]^ but this effect was observed above \>50 mbar and/or much longer IR beampaths.^[@ref49]^ Furthermore, in case of gas-phase absorption, both PPP and SSP spectra would change in the same way.

The presented coverage-dependent SFG spectra had a constant damping constant (Γ) of 5.0 ± 0.5 cm^--1^ for coverages of 0.44--0.77 ML, which increased from 5.7 to 8.0 cm^--1^ for coverages of 0.17--0.06 ML. Similarly, in a previous FTIR study,^[@ref16]^ the full width at half-maximum (fwhm = 2Γ) of the IR absorption bands was larger at low coverage (e.g. 12.5 cm^--1^ at 0.02 ML) but then quickly decreased with higher coverage, reaching a constant value of ∼5.5 cm^--1^ between 0.2 and 0.7 ML. The larger linewidth at low coverage was attributed to inhomogeneous broadening, whereas at higher coverage, well-ordered adsorbate structures were obtained.

3.2. Modeling Intensity Changes of PPP and SSP Spectra of CO Adsorption on Ir(111) at Different Coverages {#sec3.2}
---------------------------------------------------------------------------------------------------------

According to [eqs [1](#eq1){ref-type="disp-formula"}](#eq1){ref-type="disp-formula"}--[4](#eq4){ref-type="disp-formula"} in [Section [2.2](#sec2.2){ref-type="other"}](#sec2.2){ref-type="other"}, the SFG signal amplitude depends on the adsorbate concentration (effective surface number density, *N*~s~), molecular tilt angle (θ), and hyperpolarizability β~*ccc*~^(2)^ (i.e. IR transition moments and Raman polarizability), as well as the hyperpolarizability ratio *R* (i.e. β~*aac*~^(2)^/β~*ccc*~^(2)^ = β~*bbc*~^(2)^/β~*ccc*~^(2)^). Apparently, both *I*~PPP~ and *I*~SSP~ decrease with decreasing *N*~s~ and/or β~*ccc*~^(2)^, whereas their (not linear) dependence on *R* or θ is more involved (and cannot be easily predicted). As coverage decreased (e.g. in [Figures [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"} and [3](#fig3){ref-type="fig"}), *I*~PPP~ first (surprisingly) increased and then decreased, whereas *I*~SSP~ continuously decreased. As *N*~S~ decreased in both cases, one can conclude that the dependence on *R* and/or θ is different for *I*~PPP~ and *I*~SSP~. Apparently, *R* and/or θ must change to explain the observed effects.

Based on angle-resolved photoemission with synchrotron radiation, CO molecules were reported to be oriented normal to the Ir(111) surface (θ = 0°).^[@ref50]^ This agrees with previous^[@ref21]^ and our own DFT calculations for low CO coverage. The CO molecules tend to avoid the nearest neighbor (nn) sites, but once the coverage is larger than 1/4 and 2 CO molecules must occupy nn sites, they will start to tilt (when symmetry is low).

If the tilt angle was constant (θ = 0°), the opposite coverage-dependence of PPP and SSP spectra could only be explained by a coverage-dependent *R*. Thus, coverage-dependent changes of θ seem more probable. In the following, we have simulated the dependence of *I*~PPP~, *I*~SSP~, and *I*~PPP~/*I*~SSP~ both on *R* and θ.

### 3.2.1. Orientation Analysis of CO/Ir(111): Determination of *R* and θ {#sec3.2.1}

For modeling, some points need to be clarified first. Based on [eqs [1](#eq1){ref-type="disp-formula"}](#eq1){ref-type="disp-formula"} and [3](#eq3){ref-type="disp-formula"}, the SFG intensity is proportional to the absolute square of the second-order nonlinear susceptibility, that is, and , so the changes of and represent those of *I*~PPP~ and *I*~SSP~, respectively. Furthermore, because the other parameters are canceled when building the ratio *I*~PPP~/*I*~SSP~, it is equal to . In [eqs [3](#eq3){ref-type="disp-formula"}](#eq3){ref-type="disp-formula"} and [4](#eq4){ref-type="disp-formula"}, both and contain several prefactors, but in *I*~PPP~/*I*~SSP~ only the molecular tilting angle (θ) and the hyperpolarizability ratio (*R*) remain (both *N*~s~ and β~*ccc*~ are contained in and and canceled out in *I*~PPP~/*I*~SSP~). Consequently, *R* or θ can be calculated when the other is known (Fresnel factors and incidence and reflection angles of laser beams are constant values for given experimental conditions).

Because the SFG intensity is proportional to the square of *N*~s~ ([eqs [1](#eq1){ref-type="disp-formula"}](#eq1){ref-type="disp-formula"}--[4](#eq4){ref-type="disp-formula"}) (and *N*~s~ is related to coverage), it should decrease with decreasing coverage. This was indeed observed for *I*~SSP~, but the opposite occurred for *I*~PPP~ ([Figures [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"} and [3](#fig3){ref-type="fig"}). This clearly suggests that the expected coverage effect on *I*~PPP~ must be compensated by other factors. As discussed above, both the molecular tilt angle (θ) and/or hyperpolarizability ratio (*R*) may change, with opposite effects on *I*~PPP~ and *I*~SSP~.

The *R*-value of CO can be obtained from SFG measurements for which the tilt angle is known, such as upright CO (θ = 0°) at low coverage. In [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}, coverage decreased, *I*~PPP~ increased, and reached a maximum at 0.13 ML (425 K) before it decreased. As the simulated *I*~PPP~ is maximum at θ = 0° ([Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}a), the tilt angle of 0.13 ML CO can safely be assumed as 0°. Next, the *R* value of CO can be determined based on the experimental value of *I*~PPP~/*I*~SSP~ = 520 (0.13 ML). [Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"} shows the simulated *I*~PPP~/*I*~SSP~ versus θ for different *R* values. Obviously, *I*~PPP~/*I*~SSP~ decreases with increasing *R* (but also with increasing θ). For *I*~PPP~/*I*~SSP~ = 520 and θ = 0°, *R* is determined to be 0.08.

![Simulated *I*~PPP~/*I*~SSP~ vs CO tilt angle (θ) assuming different *R*-values of CO on Ir(111). Parameters used in the simulations are shown in [Table [2](#tbl2){ref-type="other"}](#tbl2){ref-type="other"}.](jp0c04986_0006){#fig5}

In the next step, the effect of θ is examined for *R* = 0.08. *I*~PPP~ and *I*~SSP~ showed opposite trends for θ ≤ 51° ([Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}a,b). *I*~PPP~ was maximum at θ = 0° (CO upright) and monotonously decreased in the whole range of θ, whereas *I*~SSP~ first increased, reaching a maximum at θ = 51°, and then decreased ([Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}a,b). It should be noted that *I*~SSP~ at θ = 0° is small but not zero. Only when the molecules lay flat on the surface (i.e. θ = 90°), the SFG signal can vanish, as *I*~SFG~ is a cosine function of θ ([eq [4](#eq4){ref-type="disp-formula"}](#eq4){ref-type="disp-formula"}). The dependence on θ can thus qualitatively explain the intensity changes in [Figures [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}--[4](#fig4){ref-type="fig"}. Because *I*~PPP~ is maximum at θ = 0° ([Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}b), any tilt of CO will have a strong effect.

![Simulated and (a) vs θ assuming *R* = 0.08. For better visibility, vs θ is enlarged in (b). (c) vs *R* value for θ = 0, 20, and 30°. Parameters used in the simulations are shown in [Table [2](#tbl2){ref-type="other"}](#tbl2){ref-type="other"}.](jp0c04986_0007){#fig6}

Based on *R* = 0.08 and the experimentally measured *I*~PPP~/*I*~SSP~ values at different coverages, the corresponding CO tilt angles can be calculated. As evident from [Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"}, the CO tilt angle increased as coverage increased. For example, for adsorbed CO in UHV, θ increased from 0 to 26° when coverage increased from 0.13 to 0.58 ML. At the highest coverage of 0.77 ML (1.0 mbar, 300 K), θ was even 36°, indicating that at high coverage, the CO molecules substantially tilted away from the surface normal toward the surface. Even though *R* has been determined (0.08), without exactly knowing *N*~s~ and β~*ccc*~^(2)^, it is still not possible to obtain a precise tilt angle solely from *I*~PPP~. Thus, some values of θ in [Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"} are omitted.

Note that changes of *R* cannot explain the opposite coverage-dependent changes of *I*~PPP~ and *I*~SSP~ (e.g. for θ = 0, 20 and 30°), as both the simulated *I*~PPP~ and *I*~SSP~ increased with *R* (in the range 0.01--1.0) ([Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}c).

We performed DFT calculations of various supercells and CO coverages. [Figure [7](#fig7){ref-type="fig"}](#fig7){ref-type="fig"}a shows a typical result for a coverage of 0.67 ML CO on Ir(111). All CO molecules are still on top of Ir, but several CO molecules have an asymmetric arrangement of neighboring CO molecules and are tilted with an angle of about 10° (at zero K).

![(a) Top view of a 3 × 3 Ir(111) supercell with 0.67 CO coverage. Surface Ir (blue), deeper Ir (olive-green), C (yellow), O (red). The unit cell is indicated by a black line. (b) Total energy (in Ry) per CO molecule as a function of tilting angle of a CO dimer on a 3 × 3 Ir(111) supercell.](jp0c04986_0008){#fig7}

In order to estimate temperature effects, we investigated the potential energy surface as a function of tilt angle for 2 CO molecules in the nearest neighbor position in a 3 × 3 Ir(111) supercell ([Figure [7](#fig7){ref-type="fig"}](#fig7){ref-type="fig"}b). The minimum is close to a tilt angle of −8° (at zero K), but the curve is extremely flat toward larger tilting, while it increases dramatically for positive angles (when CO molecules would come closer). Such a flat and anharmonic potential suggests large temperature effects, and once the CO molecules start to oscillate back and forth at finite temperatures, the mean tilting angle will not stay at 8° but increase dramatically. At 300 K, about 20° seems reasonable, but the exact value depends crucially on the chosen structural model.

Again, as both *I*~PPP~ and *I*~SSP~ are a cosine function of the tilt angle (θ), the adsorbed CO molecules with either 20 or −20° tilt angle contribute to the SFG signal identically.

### 3.2.2. Relationship between CO Coverage and Tilt Angle {#sec3.2.2}

The relationship between the tilt angle and coverage of CO on Ir(111) is shown in [Figure [8](#fig8){ref-type="fig"}](#fig8){ref-type="fig"} (cf. [Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"}). Based on SFG, at a coverage of 0.72 ML, a tilt angle of 31° is deduced from 1.0 × 10^--3^ mbar CO at 300 K, as this measurement had better signal-to-noise ratio than the one at 1.3 × 10^--2^ mbar CO (0.72 ML, 40°). When the coverage increased from 0.13 to 0.17 ML, θ increased from 0 to 7°. Between 0.50 and 0.60 ML, θ just increased from 23 to 26°. For the highest 0.77 ML coverage, θ was 36°. Clearly, the effect on the tilt angle is more pronounced at lower coverage.

![Tilt angles of CO on Ir(111) as a function of coverage, for different *R* values. Correction: blue *R* = 0.29, green *R* = 0.35.](jp0c04986_0009){#fig8}

###### Parameters Used in the Simulations in [Figures [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"} and [6](#fig6){ref-type="fig"}

        ω~*i*~         *n*~1~(ω~*i*,UHV/Gas~)   *n*~1~(ω~*i*,Ir~)               α~*i*~ (deg)   *N*~s~   β~ccc~^(2)^
  ----- -------------- ------------------------ ------------------------------- -------------- -------- -------------
  SFG   479 nm         1                        2.1 + 3.7i^[@ref51]^            58.1           1        1
  vis   532 nm         1                        2.3 + 4.2i^[@ref51]^            58.5                     
  IR    2090 cm^--1^   1                        2.0 + 2.0i^[@ref52],[@ref53]^   55.0                     

One should note, however, that some simplifications were made in the current analysis. For example, the *R* value of 0.08 determined at low coverage was considered to be coverage-independent, but *R* (infrared and Raman transition moments) may change with coverage. Indeed, DFT of high (0.7 ML) coverage CO rather indicated tilt angles around 20°. Accordingly, [Figure [8](#fig8){ref-type="fig"}](#fig8){ref-type="fig"} also includes simulations for other *R* values that lead to tilt angles of 20° (*R* = 0.29) or 10° (*R* = 0.35) at 0.77 ML CO. These *R* values are similar to that (*R* = 0.49) determined for high coverage CO on Pt(111).^[@ref12]^ Finally, the tilt angle was determined assuming a δ-function distribution, while it may also have a coverage-dependent distribution.

4. Conclusions {#sec4}
==============

The adsorption of CO on Ir(111) was investigated by SFG using two polarization combinations (PPP and SSP). Coverage-dependent spectra were acquired by increasing the Ir(111) temperature under UHV or constant CO pressure (i.e. decreasing the coverage) and by increasing the CO pressure at constant temperature (300 K) (i.e. increasing the coverage). In the investigated coverage range, only a single absorption band was observed, and the vibrational frequency shifted from 2038 to 2094 cm^--1^ as coverage increased from 0.06 to 0.77 ML. This band was assigned to CO molecules adsorbed at terminal sites, that is, on-top CO. Under UHV, CO at 0.13 ML was upright on Ir(111) (i.e. tilt angle θ = 0°), as confirmed by DFT. Based on the experimental ratio of *I*~PPP~/*I*~SSP~ = 520, the molecular hyperpolarizability ratio *R* of (0.13 ML) CO on Ir(111) was determined to be 0.08. The relationship between the CO tilt angle and coverage was quantitatively analyzed, indicating that upon coverage change from 0.13 to 0.77 ML, θ changes from 0 to 36°, revealing tilted CO at high coverage. DFT rather suggested a tilt angle up to 20°, which is in line with SFG, when considering a coverage-dependent change of *R* from 0.08 (0.13 ML coverage) to 0.29 (0.77 ML coverage). The coverage-dependent CO orientation may affect its catalytic properties toward reaction and dissociation, which will be the topic of future studies.
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